The present study was aimed at the development of aerobic granules in sequencing batch reactor (SBR) for the biodegradation of p-nitrophenol (PNP). The reactor was started with 50 mg L À1 of PNP.
INTRODUCTION
Nitrophenols are among the most important and versatile industrial organic compounds and are widely used as raw materials or intermediates in the manufacture of explosives, pharmaceuticals, pesticides, pigments, dye, wood preservatives and rubber chemicals (Uberoi & Bhattacharya ) . The main factors are carbon source, hydrodynamic shear force, feast-famine regime, feeding strategy, dissolved oxygen (DO), reactor configuration, volume exchange ratio and settling time (Liu & Tay ) . In this study aerobic granules were cultivated on PNP as sole carbon source without using a benign co-substrate. Earlier research demonstrated the development of aerobic granules on PNP using glucose as a co-substrate and the experiments were performed only up to PNP concentration of 200 mg L À1 (Yi et al. ) . However, in this study we were able to biodegrade 700 mg L À1 of PNP with a removal efficiency of 87%, and its kinetics based on the Haldane model were studied.
MATERIALS AND METHODS
Reactor setup and operation Table 1 .
Seed sludge and wastewater
Seeding biomass was obtained from the municipal wastewater treatment plant, Okhla, New Delhi, India. The sludge was acclimatised to phenol in batch culture for a period of 1 month and used as inoculum for the reactor. The test samples drawn from experiments with higher concentrations of PNP were diluted appropriately and then the absorbance was determined. Samples were taken from the reactor at a predetermined time intervals for analysis.
Granules were analysed using a binocular petrological microscope (Cenisco) with digital camera (Sanyo). The photographs were analysed using an image analysis (IA) system (Averz Software). The morphology of granules was characterised by aspect ratio using IA. Aspect ratio is the ratio between minor axis and major axis of an ellipse equivalent to the granule (0 ¼ line, 1 ¼ circle). The granules were also examined by scanning electron microscopy (Model LEO 435 VP). 
Biodegradation kinetics
The ability of granules to degrade PNP was evaluated in a 1 L column reactor which contained nutrient medium (see above) and targeted PNP at predetermined concentrations ranging from 100 to 800 mg L À1 . A kinetic analysis of biodegradation data was performed on the basis of Haldane's equation for describing biodegradation of inhibitory sub-
where V and V max are the specific and the maximum specific biodegradation rates (g PNP g À1 VSS À1 d À1 ), respectively, and S, K s and K i are the substrate concentration, half saturation constant and inhibition constant (mg L À1 ), respectively.
Gas chromatography-mass spectrometry
Gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) analysis of effluent samples were done in order to identify the products formed during aerobic biodegradation of PNP. For GC-MS analysis, the supernatant was initially acidified to pH 2.0 using 1 N H 2 SO 4 and subsequently extracted three times using dichloromethane (99.5%) in 1:1 ratio in a separating funnel by intermittent shaking. One microlitre of control and sample degraded by mixed culture were injected in the GC-MS equipped with a split/splitless injector. A Clarus 680 gas chromatograph (Perkin Elmer, USA) interfaced with a TurboMass spectrometric (Perkin Elmer 600T) mass spectrometric mass selective detector system were used.
The mass spectrometer was operated in the EI mode (70 eV). Helium was used as the carrier gas and its flow rate was adjusted to 1 mL/min. The analytical column connected to the system was a PE-5MS ( 
RESULTS AND DISCUSSION

Reactor performance
The process of biomass acclimatisation to inhibitory compounds is a critical step in inducing microbial selection and physiological transformation of metabolic pathways required for biodegradation (Tomei et al. ) . In order to have effective biomass acclimatisation, gradual biomass exposure to the PNP has been maintained; the concentration was increased step-wise when stable PNP removal efficiency was achieved. The theoretical oxygen consumption for complete oxidation of PNP can be calculated from:
which yields a maximum theoretical oxygen demand of
The main operational parameters and results for the SBR are presented and summarised in Table 1 (Figure 2(a) ). Another 3-month period was required to regain PNP removal efficiency of 87%.
The reactor was operated for 3 months at this concentration to achieve a steady state.
The removal of PNP and release of nitrate and nitrite were studied in the SBR on day 100 at a concentration of 100 mg L À1 . The biodegradation of PNP resulted in an increase in nitrate concentration and this increase was almost stoichiometrically related to the amount of PNP degraded ( Figure 3 ). 
Formation of aerobic granules
UV/GC MS spectral analysis
The changes of structure and quantity of substrate during the biodegradation process are shown in Figure 5 (a). At Chromatographic analysis was done in order to determine the number of products formed during Table 2 .
biodegradation and the results are shown in Figure 5 (b) (see also estimated with the least square error method were
. . Table 3 shows some of the Haldane kinetics parameters for biodegradation of phenolic compounds using aerobic granular sludge.
CONCLUSION
The SBR used in the present study was able to degrade PNP 
